• CMV-specific T cells generated from a pool of just 8 donors provide an appropriately matched cell line for the majority of patients.
Introduction
Cytomegalovirus (CMV) remains the most clinically significant infection following allogeneic hematopoietic stem cell transplantation (HSCT). Center for International Blood and Marrow Transplant Research data show that early posttransplantation CMV reactivation occurs in .30% of CMV-seropositive HSCT recipients and can result in colitis, retinitis, pneumonitis, and death. 1 Although antiviral agents, including ganciclovir, valganciclovir, letermovir, foscarnet, and cidofovir, have been used both prophylactically and therapeutically, they are not always effective and are associated with significant toxicities such as bone marrow suppression, renal toxicity, and, ultimately, nonrelapse mortality. 2 Because immune reconstitution remains paramount to infection control, 3, 4 the adoptive transfer of ex vivo expanded/isolated CMV-specific T cells (CMVSTs) has emerged as an effective means of providing antiviral benefit. personalized nature of the therapy and the requirement for virusimmune donors (an important issue given the benefits of using younger donors who are more likely virus naive) 17 have emerged as barriers that preclude broad implementation. Thus, more recently, partially HLA-matched, third party-derived, virus-specific T cells (VSTs), which can be prepared prospectively and banked in advance of clinical need, have been investigated as a therapeutic modality. These VSTs have proved safe and effective against a spectrum of viruses, including Epstein-Barr virus, CMV, adenovirus, HHV6, and BK virus in .150 HSCT or solid organ transplant recipients with drug-refractory infections/disease. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] These studies prompted interest in advancing "off-the-shelf" VSTs toward pivotal studies and subsequent commercialization, with the remaining questions relating to the number of cell lines required to accommodate the racially and ethnically diverse transplant population, and establishing criteria for line selection to assure clinical benefit.
We chose to address these issues in a clinical trial using third-party T cells to treat CMV, a ubiquitous virus that remains a major cause of posttransplantation morbidity and mortality. The current article describes the establishment and clinical use of a bank of CMVSTs derived from just 8 well-chosen third-party donors to treat drug-refractory infections.
Materials and methods

Selection of donors for CMVST generation
To ensure that we could provide a clinically effective line for the majority of the allogeneic HSCT patient population, the HLA types of 666 allogeneic HSCT recipients treated in the Houston, TX, region (Houston Methodist or Texas Children's Hospital), which has a diverse ethnic composition that is similar to the United States as a whole, were analyzed. These HSCT recipient HLAs were then compared with the HLA types of a pool of diverse, healthy, eligible CMV-seropositive donors. As an initial step, we identified the healthy donor whose HLA profile accommodated the greatest number of patients with a CMVST product. This donor was removed from the general donor pool; all patients accommodated by this donor were also removed from the unmatched patient population. Subsequently, we repeated these steps with a second, third, and so forth, donor, each time identifying the donor who best covered the remaining patients and then removed both the donor and accommodated patients from further consideration, until a panel was generated that covered at least 95% of the patients analyzed. This procedure was then repeated a second time to ensure that patients would have .1 potential donor option. Using this model, we found that only 8 well-selected donors would provide .95% of the patient population with a T-cell product that was matched on at least 2 HLA antigens; further increasing the donor pool would not significantly increase the number of matches. Eight of these donors were then selected with the goal to provide a coveragesuitable CMVST line ($2 shared HLA antigens) with confirmed CMV activity to $95% of this diverse population of allogeneic HSCT recipients.
Third-party CMVST bank preparation
All donors provided written informed consent on an institutional review board-approved protocol and met blood bank eligibility CMVSTs: 1.6 3 10 6 irradiated PBMCs/cm 2 ) with IL-4 (800 U/mL) and IL-7 (20 ng/mL) in a G-Rex-100M. On days 3 to 4 of culture, the cells were fed with 200 ng/mL IL-2 (Prometheus Laboratories, San Diego, CA); 9 to 12 days after the second stimulation, T cells were harvested for cryopreservation. At the time of cryopreservation, each line was microbiologically tested, immunophenotyped (CD3, CD4, CD8, CD14, CD16, CD19, CD25, CD27, CD28, CD45, CD45RA, CD56, CD62L, CD69, CD83, HLA DR, and 7AAD; Becton Dickinson, Franklin Lakes, NJ) and evaluated for virus specificity by using the interferon-g (IFN-g) enzyme-linked immunospot (ELISPOT) assay. A cell line was defined as "reactive" when the frequency of reactive cells, as measured by using the IFN-g ELISPOT assay, was .30 spot-forming cells (SFCs) per 2 3 10 5 input VSTs. respiratory failure with oxygen saturation of ,90% on room air, other uncontrolled infections, and active graft-versus-host disease (GVHD) grade II or higher. Patients who received antithymocyte globulin, Campath, other T-cell immunosuppressive monoclonal antibodies, or a donor lymphocyte infusion within 28 days of the proposed administration date were also excluded from participation. Patients initially gave their consent to search for a suitable VST line (with $2 shared HLA antigens), and if available and if patients met eligibility criteria, they could be enrolled on the treatment portion of the study. Each patient received a single IV infusion of 2 3 10 7 partially HLA-matched VSTs/m 2 with the option to receive a second infusion after 4 weeks and additional infusions at biweekly intervals thereafter. Therapy with standard antiviral medications could be administered at the discretion of the treating physician.
Clinical trial design
Safety end points
The primary objective of this pilot study was to determine the safety of CMVSTs in HSCT recipients with persistent CMV infections/ disease. Toxicities were graded by using the National Cancer Institute's Common Terminology Criteria for Adverse Events, v4.0X. Safety end points included acute GVHD grades III to IV within 42 days of the last CMVST dose, infusion-related toxicities within 24 hours of infusion, or grades 3 to 5 nonhematologic adverse events related to the T-cell product within 28 days of the last CMVST dose and not attributable to a preexisting infection, the original malignancy, or preexisting comorbidities. Acute and chronic GVHD, if present, were graded according to standard clinical definitions. 29, 30 The study was monitored by the Dan L. Duncan Cancer Center Data Review Committee.
Assessment of outcomes
CMV loads in peripheral blood were monitored by using quantitative polymerase chain reaction in Clinical Laboratory Improvement Amendments-approved laboratories. A complete response (CR) of the virus to treatment was defined as a decrease in viral load to below the threshold of detection according to quantitative polymerase chain reaction and resolution of clinical signs and symptoms of tissue disease (if present at baseline). A partial response was defined as a decrease in viral load of at least 50% from baseline. Clinical and virologic responses were assigned at week 6 after CMVST infusion.
Immune monitoring
ELISPOT analysis was used to determine the frequency of circulating T cells that secreted IFN-g in response to CMV antigens and peptides. Clinical samples were collected before and at weeks 1, 2, 3, 4, 6, and 12 postinfusion. As a positive control, PBMCs were stimulated with Staphylococcal Enterotoxin B (1 mg/mL) (MilliporeSigma, St. Louis, MO). IE1 and pp65 PepMixes (JPT Technologies), diluted to 1000 ng/peptide per mL, were used to track donorderived CMVSTs postinfusion. When available, peptides representing known epitopes (Genemed Synthesis Inc., San Antonio, TX), diluted to 1250 ng/mL, were also used in ELISPOT assays. For ELISPOT analyses, PBMCs were resuspended at 5 3 10 6 /mL in T-cell medium and plated in 96-well ELISPOT plates. Each condition was run in duplicate. After 20 hours of incubation, plates were developed as previously described, dried overnight at room temperature in the dark, and then sent to ZellNet Consulting (New York, NY) for quantification. IFN-g SFCs and input cell numbers were plotted, and the frequency of T cells specific for each antigen was expressed as specific SFCs per input cell numbers.
Statistical analysis
Descriptive statistics were calculated to summarize data. Antiviral responses were summarized, and the response rate was estimated along with exact 95% binomial confidence intervals (CIs). Viral load and T-cell frequency data were plotted to graphically illustrate the patterns of immune responses over time. Comparisons of changes in viral load and T-cell frequency preinfusion and postinfusion were performed by using Wilcoxon signed rank tests. Data were analyzed by using SAS version 9.4 (SAS Institute, Inc., Cary, NC) and R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria). P , .05 was considered statistically significant. 
Results
Third-party CMVST bank
We generated a bank of CMVSTs from 8 CMV-seropositive donors chosen to represent the diverse HLA profile of the transplant population (Table 1) . A median of 7.7 3 10 8 PBMCs (range, 4.6-8.8 3 10 8 ) were isolated from a single blood draw (median, 425 mL). To expand CMVSTs, PBMCs were exposed to PepMixes spanning pp65 and IE1, and over 20 days in culture a mean fold expansion of 102 6 12 ( Figure 1A ) was achieved. The resulting cells were almost exclusively CD3 1 (99.3% 6 0.4%), comprising both CD4 1 (21.3% 6 7.5%) and CD8 1 (74.7% 6 7.8%) subsets that expressed central CD45RA -/62L 1 (58.5% 6 4.8%) and effector CD45RA -/62L -(35.3% 6 4.6%) memory markers ( Figure 1B ). All 8 lines were reactive against the stimulating CMV antigens (IE1 419 6 100 and pp65 1069 6 230, SFCs per 2 3 10 5 ) ( Figure 1C ). The characteristics of the cell lines are summarized in Table 1 . Of these 8 lines, 6 products were administered to 10 treated study patients.
Screening
Twenty-nine allogeneic HSCT recipients with CMV infections were referred by their primary bone marrow transplant providers for study participation. From our bank of 8 lines, we identified a suitable product (minimum 2 of 8 HLA match threshold) for infusion in 28 cases (96.6%; 95% CI, 82.2-99.9). A 2-of-8 HLA match threshold was established based on retrospective analysis performed on our previous third-party study, 27 which showed clinical benefit associated with the administration of such HLA-matched products. HLA class I or II matching did not seem to influence outcome. Of note, most products in the current study were matched at $4 antigens ( Figure 1D ). Of the 28 patients with available lines, 17 patients did not receive cells because they responded to standard antiviral treatment, and 1 patient was ineligible due to a recent donor lymphocyte infusion.
Characteristics of treated patients
The characteristics of the 10 patients (pediatric, n 5 7; adult, n 5 3) treated for persistent infections are summarized in Tables 2   Table 3 . and 3. The group included 2 African American recipients, 3 patients of white Hispanic origin, and 5 non-Hispanic white recipients. Three of the 10 patients had confirmed virus-associated disease (ie, CMV retinitis [n 5 1], diarrhea attributed to CMV colitis [n 5 2]). CMVSTs (matching at 2-6 of 8 HLA antigens) were administered between days 46 and 365 (median, day 133) posttransplant. Seven patients had infections that were refractory to standard antiviral treatment of a median of 24 days (mean, 48 days; range, 14-211 days), and 3 of the patients harbored viruses with mutations that conferred resistance to conventional antiviral therapy. Before immunotherapeutic intervention, 6 of these patients had experienced severe adverse events associated with conventional antiviral agents that included acute kidney injury (n 5 4), foscarnet-induced renal tubulopathy (n 5 1), and severe foscarnet-associated pancreatitis (n 5 1), which in 3 cases precluded further treatment with any conventional drugs.
Patient clinical characteristics
Clinical safety
All infusions were well tolerated. Except for 1 patient who developed a transient isolated fever 8 hours after infusion, no immediate toxicities were observed. One patient developed a mild maculopapular rash on his trunk, which appeared suggestive of a viral exanthem and spontaneously resolved within a few days without topical or systemic treatment. No cases of cytokine release syndrome or other toxicities related to the infused CMVSTs were observed, and none of the patients developed graft failure, autoimmune hemolytic anemia, or transplant-associated microangiopathy. Patients were followed up for 6 weeks for acute GVHD and 12 months for chronic GVHD. Despite the HLA disparity between the patients and the infused cells, none of the patients developed recurrent or de novo acute or chronic GVHD posttreatment ( 
Clinical responses
All 10 infused patients responded to CMVSTs with 7 CRs and 3 partial responses, for a cumulative response rate of 100% (95% CI, 69.2-100.0) by week 6. The average plasma viral load reduction at week 6 was 89.8% (621.4%). Figure 2 summarizes the virologic outcomes of all treated patients based on sequential viral load measurements. Of note, clinical benefit was achieved not only in patients with refractory infections but also in the 3 individuals with tissue disease (ie, CMV retinitis [n 5 1], diarrhea attributed to CMV colitis [n 5 2]).
Eight patients received a single infusion of CMVSTs, 1 patient (no. 3976) had 2 infusions, and 1 patient (no. 4201) had 3 infusions of CMVSTs. Patient no. 3976 had a CR at week 6 but relapsed with increasing virus loads at week 10. Eighty days after the first infusion, he received a second infusion with the same CMVST line that resulted in a sustained CR. Patient no. 4201 received a second infusion of the same CMVSTs 28 days after the initial administration but failed to respond; 2 weeks later, the patient was therefore administered a third infusion with a different CMVST line and achieved a sustained CR. The clinical and virologic responses achieved in these patients were associated with an increase in virus-reactive CMVSTs in 8 of the 10 treated patients (increase from mean 126 6 84 SFC preinfusion to peak of 443 6 178 per 5 3 10 5 PBMCs (P 5 .023) ( Figure 3A) .
T-cell persistence
To determine if the CMVST infusions contributed to the protective effects seen in these patients and to evaluate the in vivo longevity of these partially HLA-matched VSTs, the specificity of CMVSTs in patient PBMCs before and after infusion were examined by using HLA-restricted epitope peptides restricted to the line infused. Functional T cells of confirmed third-party origin were detected in 5 patients for whom we had available HLA-restricting peptide reagents, which persisted for up to 12 weeks; in all 8 patients, we observed antiviral responses restricted by the HLA alleles shared between the patient and the CMVST line ( Figure 3B ). Thus, we infer that the infused CMVSTs induced an antiviral effect resulting in the control of CMV infections.
Discussion
In this phase 1 trial, third-party CMVSTs were administered to treat CMV infections/disease in allogeneic HSCT recipients who had failed at least 14 days of treatment with ganciclovir and/or foscarnet or could not tolerate standard antiviral medications. Notable exclusion criteria were patients with active GVHD or receiving corticosteroids at moderate or high doses. We generated a bank of CMVSTs from just 8 healthy donors, which were carefully selected based on their HLA profile to provide broad coverage to a racially and ethnically diverse allogeneic HSCT patient population. Indeed, of the 29 patients screened for study participation, we were able to identify a suitable line (minimum 2 shared HLA antigen threshold) for 28 patients (96.6%; 95% CI, 82.2-99.9), attesting to the feasibility of providing broad patient coverage with a small, well-chosen cell bank. Of these 28 patients, we treated 10 from diverse backgrounds (2 African American, 3 of white Hispanic origin, and 5 non-Hispanic white), and all achieved virologic and clinical benefit, without experiencing acute or chronic GVHD or other toxicities. This outcome was notable because 6 had previously experienced serious adverse events, including acute kidney injury, renal tubulopathy, and pancreatitis, related to conventional antiviral medication. 31 Foscarnet and ganciclovir are frequently used to treat CMV infections after HSCT. However, other than ganciclovir for CMV retinitis, their use is off-label, and both drugs are associated with significant side effects, particularly renal disease and graft suppression. When used prophylactically, letermovir, a cytomegalovirus DNA terminase complex inhibitor, decreased the incidence of CMV infection/reactivation posttransplant, 33 and since US Food and Drug Administration approval (for CMV prophylaxis in adult HSCT patients) in 2017, is increasingly used in high-risk patients. However, the CMV Resistance Working Group of the multidisciplinary CMV Drug Development Forum expects that the wider prophylactic use of letermovir will increase the emergence of organisms that are resistant to conventional antiviral medication if a CMV breakthrough infection does occur. 34 Indeed, letermovir-resistant CMV strains are increasingly reported, 35, 36 and clinical outcomes in those with resistant disease are poor and associated with progressive tissue disease and mortality. 37 CMVSTs provide an alternative strategy to target both initial reactivations as well as drug-resistant viral strains, as previously reported by our group and others. 27, 38 Thirty percent of the patients treated with CMVSTs in the current study were infected with viral strains confirmed to be resistant to one or more conventional antiviral drugs.
One goal of the current study was to prepare a CMV-specific T-cell bank with sufficient diversity to cover the majority of allogeneic HSCT recipients referred for treatment. Thus, we prospectively compared the HLA types of .600 allogeneic HSCT recipients with a pool of diverse healthy, eligible (CMV-seropositive) donors from whom CMVSTs could be generated to identify the minimum cohort that would provide our patients with well-matched products.
Using this model, we found that only 8 well-selected donors would provide .95% of the patient population with a T-cell product that was matched on at least 2 HLA antigens; further increasing the donor pool would not significantly increase the number of matches. The current study, in which a suitable line was identified for 28 (96.5%) of 29 patients screened for clinical participation, supports our theory that such a donor bank could effectively supply the majority of the allogeneic HSCT patient population.
We compared the racial and ethnic diversity within our transplant patient population with that of the US transplant population (supplemental Table 1 ). This comparison revealed that the diversity within our patient population was similar if not slightly more diverse than the US population. This scenario suggests that the small cell bank developed for the current study could be broadly applied for clinical use across the country, but additional data will be needed to confirm efficacy in smaller ethnic groups (eg, Asian-American subjects or patients of mixed heritage). Universal use of the tested CMVSTs across transplant centers is made more feasible by our ability to produce sufficient material to generate cells for .2000 infusions from a single donor collection. Thus, one could envisage a decentralized distribution model of "offthe-shelf," third-party, virus-reactive T cells, ensuring on-demand availability of cells.
In conclusion, our data indicate that a well-characterized bank of CMV-reactive T cells prepared from just 8 well-chosen third-party donors can supply the majority of patients with refractory CMV infections with an appropriately matched line that can provide safe and effective antiviral activity.
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